Abstract: Flowering, the transition from the vegetative to reproductive phase in plants, is regulated by both endogenous and environmental signals. Exposure to an extended period of stress (such as low nitrate or NaCl) can also promote flowering in many species, but little is known about how these forms of stress regulate floral induction. In this study, we found that stress induced by low concentrations of nitrate or NaCl activated the biosynthesis of gibberellin (GA) as evidenced by increased expression of the GA biosynthetic enzyme GA1. Expression of CO and SOC1 were also enhanced, leading to an acceleration of flowering. The effects of nitrate and NaCl on the photoperiod pathway were distinct, however. Two genes related to the photoperiod pathway, CCA1 and LHY, were repressed only under low NaCl treatment, while expression was unaltered by nitrate. Therefore, we suggest that the biosynthesis of gibberellin (GA) may play an important role in integrating signals induced by exogenous stress to regulate flowering in Arabidopsis.
Introduction
To maximize reproductive success, plants have evolved many intricate mechanisms that determine optimal flowering time. Extensive genetic analyses have revealed that there are at least four pathways involved in the regulation of flowering time: photoperiod, autonomous, vernalization, and gibberellin-dependent pathway (Sheldon et al. 2000; Mouradov et al. 2002; Hayama & Coupland 2003; Schmitz & Amasino 2007; Alexandre & Hennig 2008; Seo et al. 2009 ). The transition from a vegetative to a reproductive state is particularly important for agricultural productivity. The timing of the reproductive transition is not only determined by endogenous signals. Various abiotic stresses, such as nutrient deficiency, temperature, and salt, are also known to influence flowering (Blázquez et al. 2003; Martínez et al. 2003; Balasubramanian et al. 2006; Marín et al. 2011) , but the mechanism of induction are still not clear.
The SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1), a MADS-box transcription factor, is repressed by the FLOWERING LOCUS C (FLC) genes' transcription, which also encodes a MADS-box transcription factor (Hepworth et al. 2002) . The expression of SOC1 is determined by the expression of FLC; FLC binds to the promoter of SOC1, and this binding prevents the transcriptional activation of SOC1 (Helliwell et al. 2006) . Therefore, SOC1 expression and protein abundance is reduced in 35S::FLC plants and increased in the flc mutant (Hepworth et al. 2002) . The FLC gene is a major repressor of flowering in Arabidopsis and its expression is strongly correlated with flowering time (He & Amasino 2005) . Vernalization could reduce the expression of FLC to induce flowering (Sung & Amasino 2005) . The FCA, FVE, FY, FLK, and FPA genes act as negative regulators of FLC and are involved in the autonomous pathway. When these genes were mutated, FLC expression increased, resulting in delayed flowering time (He & Amasino 2005; Kim et al., 2007) . The photoperiod influences flowering through the photoperiod pathway. Arabidopsis is a facultative photoperiod plant, flowering more rapidly under longday conditions than during short days (Suárez-López et al. 2001) . CONSTANS (CO), a putative transcription factor, is involved in the photoperiod pathway. Mutations of CO delayed flowering time under long-day but not under short-day conditions (Valverde et al. 2004 ). SOC1 and FT were shown to be the targets of CO and their mRNA levels correlated with CO expression. Overexpression of CO can significantly increase the expression of SOC1 and FT, thus promoting flowering 216 T. Liu et al. (Helliwell et al., 2006) . Gibberellins (GAs) have been shown to promote flowering in Arabidopsis and many other plants (Bernier 1988; Chandler & Dean 1994) . Gibberellins promote expression of both SOC1 (Moon et al. 2003) and LFY (Blazquez et al. 1998 ) to induce flowering. Mutations that disrupt either GA biosynthesis or signaling delay flowering time (Jacobsen & Olszewski 1993) . The mutant ga1-3 fails to flower under short day conditions and shows a slight delay in flowering time under a long day photoperiod. Thus, GA is absolutely required for flowering under short day conditions in Arabidopsis (Wilson et al. 1992) . The SOC1 gene is an integrator of the GA-dependent flowering pathway. However, the expression of other flowering integrators like FLC and FT is not regulated by GAs in short-day-grown (Moon et al. 2003) . Therefore, SOC1 integrates all endogenous pathways: vernalization, autonomous, photoperiod, and GA pathways.
Environmental stressors, such as temperature (Jung et al. 2010; Balasubramanian et al. 2006; Blázquez et al. 2003) , drought (Sharp et al. 2009 ), UV-C (Martínez et al. 2003) , sugar (Neta-Sharir et al. 2000) , and nitrate (Marín et al. 2011) , can also promote flowering. Nitrogen (N) is an essential element for plants, and has long been known to modify flowering time (Klebs 1913; Loeppky et al. 2001) . Nitrogen deficiency often induces early flowering. Marín et al. (2011) reported that nitrate regulates floral induction in Arabidopsis, acting independently of light, gibberellins, and autonomous pathways. Gibberellin biosynthesis in Gibberella fujikuroi, however, occurred in low-nitrogen medium but not in high-nitrogen medium (Candau et al. 1992 ). Exogenous GAs have been shown to promote the switch from vegetative growth to flowering in a variety of plants (Bernier 1988; Jacobsen & Olszewski 1993; Chandler & Dean 1994) , but the interaction between GAs and nitrate on flowering has not been studied in detail.
In this paper, Arabidopsis genes related to the four major floral pathways were monitored by qRT-PCR in the presence of 1 or 35 mM nitrate. Furthermore, endogenous GA 3 biosynthesis was also detected in wild type and ga1-3 mutant Arabidopsis under high and low nitrate conditions. We also investigated the cellular signaling pathways through which other abiotic stress, such as NaCl stress, influences flowering time.
Material and methods

Plant materials and growth conditions
The wild type plant was Arabidopsis thaliana ecotype Columbia (Col) and the ga1-3 mutants were bred on the Col background. Surface-sterilized seeds were placed on sterile horizontal agar plates at 4 Nitrate treatments were performed according to Marín et al. (2011) . Seedlings with ten leaves from wild type and 
Sequence data from this article can be found in the GenBank data library under the flowering accession numbers: atVIN3 (AT5G57380); atFLC (AT5G10140); atLFY (AT5G61850); atCO (AT5G15840); atFRI (AT4G00650); atLD (AT4G02560); atLHY (AT1G01060); atCCA1 (AT2G46830); atFCA (AT4G16280); atGA1 (AT5G57380); atSOC1 (AT2G45660); and atTUB2(AT5 G62690). F, forward; R, reverse.
ga1-3 mutants were grown on agar plates containing nutrient medium with 1 or 35 mM nitrate, in addition to 1 mM MgSO4, 2.5 mM KCl, 3 mM KH2PO4, 2 mM CaCl2, 4 mM glutamine, 1% sucrose, 0.021 mM FeEDTA, 0.075 mM H3BO3, 17.5 µM MnSO4, 1.25 µM ZnSO4, 0.75 µM CuSO4, 0.5 µM NiCl2, 0.375 µM Na2MoO4, 25 nM CoCl2, and 3 mM MES (pH 5.6). For NaCl treatments, a final NaCl concentration of 100 mM (high NaCl stress) or 20 mM (low NaCl stress) were used with the same concentrations of other nutrients as above. 
Analysis of gene expression
After treatments three days with ten leaves, total RNA was isolated from leaves of different treatment time by the RNeasy plant mini kit (Qiagen) according to the manufacturer's instructions. For cDNA production, 2 µg of total RNA was reverse transcribed with oligo(dT)18 primer (Takara) in a 10 µL reaction mixture using M-MLV reverse transcriptase (Takara). After heat inactivation, the total volume of the reaction mixture was diluted in 90 µL of sterilized water, and 2 µL was used for the real-time quantitative PCR (qRT-PCR). All qRT-PCR analyses were performed by iQ5 multicolor real-time PCR detection system (Bio-Rad) using 2×SYBR Green SuperMix (Bio-Rad 170-8882). We adopted the guidelines for the experimental design and statistical analysis of quantitative RT-PCR data (Rieu and Powers, 2009 ). The PCR reaction condition was an initial denaturation step of 2 min at 94 • C in each cycle, and the expression levels of genes were calculated by the iQ5 optical system software version 2.0 using atTUB2 as the reference gene. The quantitative RT-PCR analysis was repeated three times, and each trial consisted of three independent replicates.
PCR primer sequences
The primers used in this study are listed in Table 1 .
Measurement of GA3 content
Gibberellins were measured from wild type and ga1-3 mutants according to Weiler (1986) and He (1993) . Leaf tissue from each plant was homogenized in liquid nitrogen and then extracted in 4 mL of 80% (v/v) ice-cold aqueous methanol containing 1 mM butylated hydroxytoluene and polyvinylpyrrolidone (60 mg/g fresh leaf weight). The samples were incubated overnight at 4
• C and then centrifuged at 10,000 g for 10 min at 4
• C. The supernatants were collected individually and filtered through C18 Sep-Pak cartridges (Waters). Efflux sample was collected, dried by evaporation with N2, and measured for GA3 content by ELISA using anti-GA3 antibody (He 1993; Yang et al. 2001 ).
Results
The expression of genes in four floral induction signaling pathways under low nitrate Marín et al. (2011) reported that nitrate regulated floral induction in Arabidopsis independent of the light, gibberellin, and autonomous pathways. To verify this conclusion, wild type Col was grown under low nitrate (1 mM). Genes related to the four major floral pathways were monitored by qRT-PCR (see Table 1 ). The results showed that the SOC1 gene, previously shown to be closely related with flowering time, was induced by 2 h of low nitrate and maintained at a high level (Fig. 1a) . The GA biosynthetic gene GA1 was elevated after 24 h of 1 mM nitrate treatment (Fig. 1b) , suggesting that low nitrate may increase GA biosynthesis, which in turn can promote flowering.
Compared with non-treatment wild-type Arabidopsis (Fig. 6) , the LHY and CCA1 genes, closely associated with the photoperiod pathway, restored to a higher level of expression after 24 h in low nitrate, showing circadian rhythm (data not shown). However, the photoperiod gene, CO, also exhibited increased expression in low nitrate (Fig. 1c) . It was significantly upregulated after 1 h of low nitrate stress and elevated expression was maintained for at least 24 h. However, expression of the other genes examined, FRI, LD, FCA, and VIN3, did not change significantly under low nitrate (data not shown).
The GA 3 biosynthesis in low and high nitrate The endogenous GA levels are not constant level during different time points in wild type Arabidopsis in light/dark cycles (Hisamatsu et al. 2005; Zhao et al. 2007) . It oscillates in a diurnal or in a clock-controlled manner (Figs 3a, c) . To examine the effects of nitrate on GA biosynthesis, the concentration of endogenous Fig. 2 . Effect of low NaCl on genes expression in Arabidopsis thaliana ecotype Columbia. a -relative expression of LHY gene after 0, 2, 4, 6, 12, and 24 h under low NaCl stress; b -relative expression of CCA1 gene after 0, 2, 4, 6, 12, and 24 h under low NaCl stress; c -relative expression of CO gene after 0, 2, 4, 6, 12, and 24 h under low NaCl stress; d -relative expression of GA1 gene after 0, 2, 4, 6, 12, and 24 h under low NaCl stress; e -relative expression of SOC1 gene after 0, 2, 4, 6, 12, and 24 h under low NaCl stress. Each data point represents mean ± SE (n = 3). Fig. 3 . Effects of nitrate or NaCl on the GA 3 content inArabidopsis thaliana. a -the GA 3 content of A. thaliana ecotype Columbia (Col) under nitrate stress; b -the GA 3 content of the ga1-3 mutant of A. thaliana under nitrate stress; c -the GA 3 content of A. thaliana ecotype Columbia (Col) under NaCl stress; d -the GA 3 content of the ga1-3 mutant of A. thaliana under NaCl stress. CK, mock-treated wild type Arabidopsis as control. The results are the mean ± SE of 10 individual plants per treatment. Fig. 4 . Model of flowering signals in Arabidopsis under environmental stress (nitrate and NaCl). Arrows indicate promotion and T bars indicate repression. In the presence of low nitrate, the biosynthesis of GA S is increased, and increased GAs activates SOC1 expression, which eventually promotes flowering. The CO gene, closely related with the photoperiod, is also upregulated (Model 1). In the presence of low NaCl, floral induction also occurs concomitant with increased GA S biosynthesis and enhanced expression of SOC1 and CO. The LHY, CCA1, genes closely associated with photoperiod were repressed in low NaCl (Model 2). thaliana grown in 20 mM NaCl (n = 30) or 100 mM NaCl (n = 30). ga1-3 mutant in 20 mM NaCl (n = 30) or 100 mM NaCl (n = 30). Plants were grown under a 12 h light/12 h dark photoperiod at 23/18 • C day/night.
GA 3 was measured in high and low nitrate. As expected, GA 3 production was induced by low nitrate but repressed by high nitrate after about 12 h of treatment (Fig. 3a) . GA 3 biosynthesis in low nitrate continuously rose above controls; while GA biosynthesis in high nitrate rose only transiently for about 6 h, and then declined below the control baseline (Fig. 3a) . Marín et al. (2011) demonstrated that low nitrate could also lead to earlier flowering in ga1-3 mutants, which are deficient in GA synthesis. Curiously, GA 3 production was also found in ga1-3 mutants, albeit at 10 times lower levels than in wild type Col plants (Fig. 3b) . Nitrogen induced the same trend in endogenous GA 3 , as low nitrate caused a sustained increase in GA 3 biosynthesis while high nitrate cause a decline after a transient increase. Thus, the ga1-3 mutation did inhibit the biosynthesis of GA 3 , but not completely. Response to NaCl stress To investigate whether other environmental stressors modulate flowering by altering GA 3 biosynthesis or SOC1 expression, wild type Col and ga1-3 mutants were grown in the presence of excess (100 mM) and limiting (20 mM) NaCl. We found that, ga1-3 mutants and wild type Arabidopsis, plants grown in low NaCl (20 mM) would show earlier flowering than that grown in high NaCl (100 mM) (Fig. 5) . However, no matters in low or high NaCl, ga1-3 mutants were flowering later than wild type. Quantitative RT-PCR revealed that GA1 and SOC1 expression exhibited a peak after 12 h of low NaCl stress, and then decreased (Figs 2d, e) . We next addressed whether low or high NaCl affects the induction of endogenous GAs in wild type Col and ga1-3 mutants. As is shown in Fig. 3c , wild type Arabidopsis in 20 mM NaCl exhibited stronger GA3 biosynthesis than that in both wild type control and wild type in 100 mM NaCl. In high NaCl, however, GAs biosynthesis was repressed in both wild type Col and ga1-3 mutants (Fig. 3d) , indicating that low NaCl, like low nitrate, increases GA 3 production.
According to Wang & Tobin (1998) , the CCA1 and LHY expression should be restored to the same expression level after 24 h. However, in our research, compared with non-treatment wild-type Arabidopsis (Fig. 6) , the LHY and CCA1 genes, closely associated with the photoperiod pathway, exhibited repressed expression in low NaCl (Figs 2a, b) . In contrast, the long day gene CO increased, exhibiting a peak at 12 h after low NaCl stress (Fig. 2c) . Wang & Tobin (1998) reported that overexpression of LHY and CCA1 could cause later flowering. Helliwell et al. (2006) found the upregulation of CO could increase the level of SOC1, thereby promoting flowering. We suggested that photoperiod was also affected by NaCl stress. The other genes examined, FRI, LD, FCA, and VIN3, were not significantly changed under low NaCl (data not shown). Marín et al. (2011) reported that plants grown in low nitrate flowered earlier than plants grown in high nitrate. Several floral induction signaling pathways have been characterized, including the photoperiod, vernalization, gibberellin, and autonomous pathways. In this paper, we monitored the expression of Arabidopsis genes related to the four major floral pathways by qRT-PCR in the presence of 1 or 35 mM nitrate. The results revealed that VIN3, FRI, FCA, and LD, the key genes in the vernalization and autonomous pathways, were not significantly changed by low nitrate (data not shown).
Discussion
Gibberellins are required for flowering under short days (Wilson et al. 1992; Chandler & Dean 1994; Moon et al. 2003) . Marín et al. (2011) found that low nitrate accelerated flowering in late-flowering mutants impaired in the photoperiod, temperature, gibberellic acid, and autonomous flowering pathways, indicating that low nitrate induces an independent pathway that promotes flowering. In our research, however, both the key GA biosynthesis gene GA1, and SOC1, an integrator of GA-dependent flowering pathway, exhibited increased expression after low nitrate treatment in wild type Arabidopsis. Furthermore, the GA 3 concentration in plants grown on low nitrate was higher than in plants grown on high nitrate both for both wild type and ga1-3 mutants (Figs 3a, b) . Candau et al. (1992) also reported that gibberellin biosynthesis occurred in lownitrogen medium but not in high-nitrogen medium, so we suggest that low nitrate may promote flowering by inducing the gibberellic acid pathway in wild type Arabidopsis. Yamauchi et al. (2004) found the biosynthesis of GAs was not completely inhibited in ga1-3 mutants. It was also reported that all the GAs biosynthesis mutants examined to date were 'leaky' to some degree, and produced small amounts of active GAs sufficient to induce flowering (Wilson et al. 1992 ). This could explain why ga1-3 mutants grown in low nitrate still show earlier flowering than conspecifics grown in high nitrate. We conclude that low nitrate increased the biosynthesis of GAs by enhancing the GA biosynthesis geneGA1 and the expression of the floral integrator SOC1 (Model 1).
The genes CCA1, LHY, and CO are closely associated with the photoperiod pathway. Overexpression of CCA1 and LHY delayed flowering through the suppression of CO (Wang et al. 1998; Onouchi et al. 2000) . According to Wang & Tobin (1998) , the CCA1 and LHY expression should be restored to a higher level of expression after 24 h in our research. As expected, CCA1 and LHY expression showing circadian rhythm in the expression under low nitrate (data not shown), but the CO expression was significantly increased (Fig. 1c) . Thus, low nitrate induces CO expression, via a novel signaling pathway acting downstream of CCA1 and LHY genes, which enhances SOC1 expression to accelerate flowering time (Model 1).
Constitutive overexpression of FLC prevented early flowering time in low nitrate (Marín et al. 2011) . Helliwell et al. (2006) showed that the FLC protein interacts directly in vivo with the SOC1 promoter to repress SOC1 expression. In our study, low nitrate increased SOC1 expression (Fig. 1a) . This implies that overexpression of FLC from the CaMV 35S promoter inhibits SOC1 expression in the nitrate-floral signaling pathway.
We also investigated the signaling pathways through which NaCl stress influences flowering time. The VIN3, FCA, FRI, and LD genes, which are key mediators of the vernalization and autonomous pathways, showed no significant changes in expression under either low NaCl or low nitrate (data not shown).
NaCl stress can reduce the concentration of K + in plants (Storey & Wyn Jones 1978) . Munns (1985) , however, found that K + concentrations in the xylem sap did not decline until the external NaCl reached 100 mM. Nieman et al. (1959) also reported that gibberellic acid increased the stem length, fresh and dry weight of both the top and the root, the yield of green beans, area per leaf, and the total leaf area per plant under low levels of salinity. However, at high levels of salinity, all growth-promoting effects of gibberellin with the exception of the increase in stem length were prevented, demonstrating an interaction between salt stress and GA. Zhang et al. (2008) found that gibberellin biosynthesis increased in low NaCl and that this was beneficial to wheat growth, while GA was repressed in high NaCl. In our paper, we found low concentrations of NaCl could increase the biosynthesis of GA 3 (Fig. 3c) , and enhance the expression of the photoperiod gene CO gene and the floral integrator SOC1 (Figs 2c, e) . In high NaCl concentrations, however, GA 3 production was repressed ( Fig. 3c) , resulting in later flowering (Fig. 5) . Therefore, we suggest that under low NaCl stress, flowering is regulated by increased GA biosynthesis and enhancedCO and SOC1 expression. Low NaCl stress modulates flowering via a similar mechanism to low nitrate, except that LHY and CCA1 expression were repressed by low NaCl (Model 2).
UV-C light stress activates flowering in Arabidopsis through salicylic acid (SA) and does not require the function of the flowering time genes CO, FCA, or FLC. In contrast, SOC1 may be required for the promotion of flowering by SA under LD condition (Martínez et al. 2003) . A mild increase in growth temperature from 23
• C to 27
• C was equally effective at inducing flowering of Arabidopsis (Balasubramanian et al. 2006) . Blázquez et al. (2003) found that the response to a change in ambient temperature was attenuated in 35S::FT and 35S::SOC1 plants. Therefore, SOC1 may also play a modulatory role in temperature-dependent control of flowering time. The data presented here suggest that all forms environmental stress studied regulate flowering time through SOC1 expression.
Taken together, we conclude that SOC1 is required in all endogenous pathways for flowering induction, including the long day, autonomous, vernalization, and gibberellin-dependent pathways. It is also necessary for integrating environmental signals like nitrate, NaCl, and UV with endogenous regulatory pathways to promote flowering. Thus, the SOC1 may integrate exogenous stress and endogenous signals for flowering. This may be an evolutionary mechanism to regulate the reproductive capacity of plants under stress.
